Introduction
Titanium-bearing stainless steel, due to their good formability, excellent corrosion resistance in high temperatures and cost-effectiveness, has been widely used in various applications including culinary, automobile and calorifier. Titanium suppresses chromium carbide precipitation at grain boundary through the formation of more stable titanium carbide, which substantially improves the resistance to intergranular corrosion. 1, 2) What is more, the heterogeneous nucleation of delta ferrite on the TiN formed during primary solidification of stainless steel promotes the generation of the equiaxed fine-grain structure. 3, 4) However, the generation of oxide inclusions is inevitable due to de-oxidation by Al before Ti alloy addition and the interactions between reactive elements in the steel melt and its environment (slag, refractory, or atmosphere). These inclusions generally cause the clogging of submerged entry nozzle (SEN) and deteriorate the quality of final steel products, such as skin laminations or line defects on the rolled strip. [5] [6] [7] [8] Therefore, it is necessary to investigate the formation mechanism of oxide inclusion to control the inclusion population.
Aluminum is usually added to be the final deoxidizer
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before the addition of Ti alloy for its stronger oxygen affinity than Ti, [9] [10] [11] which improves titanium yield and reduces inclusions containing Ti-oxides. However, the alumina inclusions were formed after the Al addition. In addition, spinel (MgO·Al 2 O 3 ) inclusions can be generated due to soluble Mg supplied from the slag and MgO-based refractory. [12] [13] [14] These inclusions tended to adhere on the inner wall of the submerged entry nozzle. [15] [16] [17] [18] Todoroki et al. 16) observed the immersion nozzles used after Al-killed SUS 430 stainless steel, and found that the boundary layer between the accretion and the nozzle consists of main alumina. In addition, the accretion of molten steel side was made of porous oxides identified to be spinel and metal droplets. It was pointed out that nozzle clogging took place when the inclusions were spinel while not in case of liquid calcium aluminate.
In order to solve the clogging problem of SEN in Alkilled molten steel, some studies have been carried out to modify the alumina and spinel (MgO·Al 2 O 3 ) inclusions to liquid ones by calcium treatment. [19] [20] [21] [22] [23] [24] [25] Harkness et al. 19) reported that calcium treatment made little modification to the composition or morphology of spinel inclusions during ladle refining. It was concluded that the cubic crystal structure made the spinel phase more stable than alumina at high temperature. However, many researchers have pointed out that calcium treatment was an effective countermeasure to modify the alumina or spinel to harmless liquid calcium aluminate inclusions. [21] [22] [23] [24] [25] Ye et al. 21) have described calcium modification of aluminum oxide inclusions by using thermodynamic data. They suggested that it is much easier to modify alumina inclusions in a melt with moderate S-content at the early treatment stage when temperature is high and particle size is small. Park et al. 22) have investigated the inclusion control of Al-killed ferritic stainless steel with calcium treatment and concluded that the transformation from alumina to calcium aluminates could be controlled by the diffusion of aluminate polyanions. Itoh et al. 20) studied thermodynamics on the formation of spinel nonmetallic inclusion in liquid steel, and found that 1 ppm Ca in the steel at 1 873 K modified the alumina to the liquid phase and decreased the stability of spinel (MgO·Al 2 O 3 ) inclusions. Yang et al. 23) have observed the MgO-Al 2 O 3 -CaO inclusions modified from MgO-Al 2 O 3 spinel inclusions after the calcium treatment. They found that many MgO-Al 2 O 3 -CaO inclusions have a two-layer structure: an outside CaO-Al 2 O 3 layer and a MgO-Al 2 O 3 core. Their later study showed that the diffusion of Mg replaced by Ca in the inclusions was the rate-controlling step.
24) It was also found that steel/slag reaction had a great effect on changing the morphology and composition of alumina and spinel inclusions. 25) Jiang et al. 25) have discussed the evolution mechanisms of nonmetallic inclusions in molten steel refined by high basicity slag. They found that solid MgO-Al 2 O 3 and MgO inclusions would be inevitably and gradually transferred into CaOMgO-Al 2 O 3 system inclusions with lower melting temperature ( < 1 773 K) with the increase of Ca content in molten steel due to the reaction of steel and high basicity slag.
The presence of titanium in Al-killed molten steel generally causes more severe clogging of the submerged entry nozzle than Ti-free steel, and the titanium oxide inclusions have been suggested as a possible cause. [26] [27] [28] Thus, many studies of nonmetallic inclusions in Al-killed Ti-bearing steel have been carried out, such as nozzle clogging behavior, 26, 28) thermodynamics and characteristics of inclusions, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] modification of inclusions with Ca treatment [41] [42] [43] [44] [45] [46] [47] or Mg treatment [48] [49] [50] [51] [52] and evolution of inclusion during solidification and heating. 41, 48, [53] [54] [55] The two-layered inclusions of the Al-Ti-O phase with core Al 2 O 3 were observed in Al-killed Ti-bearing molten steel, which was identical to the inclusions causing the nozzle clogging. 26, 28, 29) Wang et al., [30] [31] [32] [33] Matsuura et al., 34) Jung et al. 37) and Van et al. 39) pointed out that [30] [31] [32] [33] found when the Ti/Al ratio in the melt was increased to 15/1 within the Al 2 TiO 5 stable phase region, the inclusion population evolved from spherical-dominant ones to irregular ones. Zhang et al. 49) reported that irregular titanium aluminates inclusions were generated due to high titanium concentration (nearly 0.5 mass pct) in the melt. As mentioned above, calcium treatment in Al-killed steel has been widely investigated. [19] [20] [21] [22] [23] [24] [25] However, only a few available reports have discussed the inclusion formation of Al-Ti deoxidation with calcium treatment in stainless steel. [44] [45] [46] [47] Zheng et al. 56) investigated the clogging of SEN of Tibearing 321 stainless steel with Ca treatment, and found two types deposition, namely TiN and CaO·TiO 2 . Qian et al. 7) also reported that the CaO·TiO 2 -rich (CaO·TiO 2 -MgO·Al 2 O 3 ) complex inclusions in Ti-bearing stainless steel were mainly inclusions in the clogging of SEN. Therefore, it is necessary to comprehensively study the effect of Ca treatment on the evolution mechanism of non-metallic inclusions in Al-killed, Ti-bearing 11Cr stainless steel. In the present work, the samples taken at different stages in plant trial were investigated to reveal the evolution mechanism of oxide inclusions in Al-killed, Ti-bearing 11Cr stainless steel with Ca treatment. The morphology, composition and size distribution of inclusions in steel specimens were determined by scanning electron microscopy and energy dispersive spectroscopy. The formation mechanism and phase stability of inclusions observed in steel were discussed with the aid of thermodynamic calculation. At the same time, the effects of calcium content in molten steel on the controlling of inclusions during steelmaking process were analyzed through the coupling of thermodynamics calculation and experimental results.
Methodology

Experimental Procedures
3 heats industrial trials were carried out in a steel plant to investigate the formation and evolution of inclusions in molten steel. The titanium-bearing stainless steel was produced through the steelmaking route of "100 ton electric arc furnace (EAF)→100 ton argon oxygen decarburization furnace (AOD)→100 ton vacuum oxygen decarburization (VOD)→100 ton ladle furnace (LF)→continuous casting (CC)", as shown in Fig. 1 . In EAF steelmaking, steel scrap and alloys were initially melted. Subsequently, molten steel was decarburized, deoxidized, and desulfurized in AOD. Before tapping into the ladle, most of the slag was removed. The main material of ladle refractory was MgO-CrO x . After the additional decarburization and degassing in the VOD, ferrosilicon and aluminum were added to deoxidize. During LF refining process, aluminum was additionally added first according to the aluminum content in the molten steel at the end of VOD. Then, titanium wire was added after calcium treatment in LF. When the chemistry and temperature were on specification, the ladle with qualified molten steel was transported to the continuous casting platform for continuous casting.
In order to elucidate the evolution of nonmetallic inclusions in Al-killed, Ti-bearing stainless steel with Ca treatment, lollipop steel and slag samplings for determined analysis were carried out at the end of VOD process, after feeding titanium alloy wire, and at the end of LF refining, respectively. The lollipop steel samples taken in the steelmaking process were immediately quenched in water. Schematic illustration of sampling locations was shown in Fig. 1 . 
Composition Analysis and Inclusion Characterization
The steel samples were cleaned by machining off the surface for chemical analysis. Cylinders (Ф5 mm × 5 mm) were machined for the measurement of the total oxygen contents which were analyzed by the inert gas fusioninfrared absorptiometry method with an accuracy of ± 1 ppm. The acid-soluble Al, Ca and Mg contents in steel were determined by the inductively coupled plasma optical emission spectrometry method (ICP-OES) with ± 5 pct relative standard deviation. The alloying element contents in steel were measured by the alkali fusion acid dissolution method. The composition of slag was determined by an X-ray fluorescence spectrometer. The chemical compositions of aluminum, titanium, magnesium, calcium, and oxygen in steel specimens of three heats were given in Table 1 , while the compositions of CaO, MgO, Al 2 O 3 , and SiO 2 in slags were listed in Table 2 . The main purpose of this study was to determine the effect of alloy addition on the chemical and morphological evolution of nonmetallic oxide inclusions, while the main chemical compositions of slag were only included in this study for informative purpose.
The surfaces of steel specimens (15 mm × 15 mm × 20 mm) were polished by SiC papers up to 2 000 grade and 2.5 μm pastes. The morphologies and compositions of nonmetallic inclusions on the mirror-polished surfaces of the steel specimens were analyzed with the aid of an automatic scanning electron microscope (EVO18-INCAsteel, ZEISS Co. Ltd.) combined scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS). The compositions of the multilayer inclusions were determined on average by the automatic scanning electron microscope. The maximum diameter of the inclusion was defined as the size of the inclusion. For the accuracy of automated EDS analysis of inclusions, the size was taken larger than 1 μm, because the interaction volume may spread into the steel and excite electrons from the surrounding environment of the inclusions with diameters smaller than 1 μm. The scanned area of each steel specimen was 41.5 mm 2 .
Results and Discussion
Characterization of Inclusions
For each of the samples taken at different stages, nearly 30 inclusions were selected for characterization. Three typical types of inclusions at each stage could be classified according to their distinctive appearance and composition, as exhibited in Fig. 2 (the numbers beside the inclusion in the figures are atomic percentages determined by employing EDS analysis). Elemental mappings of typical complex inclusions at each stage were shown in Fig. 3 . After the addition of Al, the inclusions containing alumina were formed. Due to the VOD converters lined by the MgO-based refractory the inclusions containing MgO were formed in molten steel. At the same time, the high basicity of slag might lead to the increase of the MgO content in inclusions, which has been investigated by Nishi et al. 57) and Okuyama et al. 58) Spherical homogeneous CaO-MgO-Al 2 O 3 inclusions and dual phase CaO-MgO-Al 2 O 3 inclusions were also observed in steel specimens at the end of VOD, which might be due to the indirect supply of calcium via high basic slag, as shown in Fig. 3(a) . After Ti wire fed into molten steel after calcium treatment in LF refining process, three types of inclusions were found: irregular MgO-Al 2 O 3 -TiO x inclusion, spherical CaO-MgO-Al 2 O 3 -TiO x inclusion and irregular dual phase Ti-containing inclusion, as shown in Fig. 2 Fig. 3(b) . As can be seen, the inclusion could be divided into two layers, the inner layer was an irregular shape MgO-Al 2 O 3 core, and the main compositions of the outer layer were CaO-Al 2 O 3 -TiO x . In addition, in the outer layer, the content of titanium in the white area of the inclusion was higher, and the aluminum content in other place was higher. The morphology of the complex inclusion was spherical. At the end of LF, the types of inclusions were essentially same as that of after titanium addition, as shown in Fig. 2(C) . With the agitation of argon gas in liquid steel, the inclusions gradually polymerized and floated up, which led to the decrease of total oxygen content during LF refining process. 59) And a polymerized inclusion was observed in steel specimen taken at the end of LF, as shown in Fig. 3(c) . It can be seen that the inclusion has several irregular shape MgO-Al 2 O 3 core with an outer layer of CaO-Al 2 O 3 -TiO x .
To elucidate the evolution of inclusions after aluminum addition, the compositions of inclusions analyzed in steel specimens were converted into mass percentage of CaO, MgO, and Al 2 O 3 , which were plotted on the CaO-MgOAl 2 O 3 ternary system phase diagrams, as shown in Fig. 4 . The phase diagram and liquid oxide phase (red line area) of the CaO-MgO-Al 2 O 3 system at 1 873 K were marked with the aid of FactSage TM 7.0 software. It is shown that solid MgO-Al 2 O 3 spinel phase was modified to all-liquid phase with the increase of CaO content. After the addition of aluminum, the inclusion compositions were mainly distributed close to the spinel (MgO·Al 2 O 3 ) region with small amounts of CaO (0 to 25 mass pct). The CaO contents of inclusions in sample A1 with lower aluminum content were higher than sample B1 and C1. After the addition of Ti, the Al 2 O 3 contents of inclusions were rapidly decreasing, especially in Fig. 4 , a new liquid phase (called region 2) has formed with the Ti 3 O 5 content ranged from 40 to 90 mass pct. The compositions of inclusions in sample B2 and C2 were mainly located in the liquid phase and perovskite region close to the low-melting-point region 1. However, the compositions of inclusions in sample A2 with low calcium content were mainly located close to the liquid phase of region 2. The calcium content and basicity of slag in sample A2 were lower than B2 and C2. It can be concluded that calcium treatment with different calcium content would modify the inclusions to be different liquid phases (region 1 and region 2). At the end of LF, the inclusions in sample C3 with higher calcium content were mainly located in liquid oxide phase and perovskite region. The high basic slag and high calcium content in Ti-bearing molten steel might easily lead to the formation of calcium titanates. Moreover, the alumina distribution of inclusions in sample A3 and B3 increased at the end of LF, as shown in Figs. 4 and 5. The Al 2 O 3 contents of slags in sample A3 and B3 were higher than that of sample C3, which might contribute to the increase of Al 2 O 3 distribution of inclusions in steel. 25, 63) The size distribution of inclusions in the samples was counted, as shown in Fig. 6 . After the aluminum addition in VOD, the largest number density of inclusions bigger than 4 μm is 2.38 N/mm 2 in sample B1 which has the highest aluminum content (540 ppm). And the largest number density of inclusions less than 4 μm is 9.64 N/mm 2 in sample A1 which has the lowest aluminum content (37 ppm). After Ti-Fe wire addition, the number of inclusions in sample A2 with lowest aluminum and titanium content was the least (5.92 N/mm 2 ). With the floatation and removal of oxide inclusions in LF, the number density of inclusions in sample A3 and B3 relatively decreased. However, due to the high calcium content and high basic slag in sample C3 calcium titanates might be formed to increase the number of inclusions.
Thermodynamic Calculation of Inclusion Forma-
tion Spinel inclusions were formed in VOD after the addition of aluminum, as shown in Fig. 2(A) . Some works have been done to show that spinel inclusions tended to accumulate on the inner wall of submerged entry nozzle (SEN) during continuous casting, which could result in the clogging of SEN. 7, 15, 28, 52, 64) Okuyama et al. 58) have experimentally proved that the metal-inclusion reaction is sufficiently faster than the slag-metal reaction. Thus, the local equilibrium between the molten steel and the inclusions in steel can be assumed to be valid. The phase stability diagrams of AlMg-O system in Fe-11Cr steel at 1 873 K were calculated with the aid of FactSage TM 7.0 software. As can be seen from the phase stability diagram in Fig. 7(a) the boundary lines of each solid phase were evaluated by using [O] ppm as a parameter. The present experimental results were marked in Fig. 7 (a). These were positioned at the spinel phase, which agrees well with the observed inclusions in Fig. 2(A) . The phase stability diagrams of Al-Mg-O system in Fe-17Cr-12Ni, Fe-23.5Cr-22Ni-6.23Mo, Fe-18Cr-8Ni, Fe-23Cr-19Ni, and Fe-16Cr steels at 1 873 K were also calculated, as shown in Fig. 7 . The inclusions observed in the literature of stainless steel are also shown for comparison. 15, 58, [65] [66] [67] [68] It can be seen that most of the data of different researchers were in accordance with the phase diagrams. However, some MgO inclusions observed by Todoroki et al. 65) were located in spinel phase, as shown in Fig. 7(c) . Most of the MgO inclusions shown in their research consisted of a MgO core embedded in a CaO-Al 2 O 3 liquid matrix. It indicated that MgO was formed at the beginning and CaO-Al 2 O 3 was formed later, which means that MgO in their research might be formed in a nonequilibrium state. In addition, majority of data of Park et al. 68) were positioned at the MgO phase. They have pointed out that most of the spinel inclusions nearly saturated by MgO were observed in the steel melts equilibrated with the slags doubly saturated by MgO and MgAl 2 O 4 , which might significantly increase the content of Mg in steel and make the experimental data out of spinel phase. The composition of Mg (several ppm) in stainless steel was hard to decrease due to the refractory containing MgO, which made the spinel phase stable irrespective of Al content. However, several ppm Ca in molten steel can significantly decrease the stability of spinel. The stability diagrams of Mg-Al-O phase with 1 ppm and 5 ppm Ca contents in Fe11Cr steel at 1 873 K were calculated, as shown in Fig. 8 . There are three oxide phases, viz. monoxide (MgO), spinel (MgO·Al 2 O 3 ), and liquid oxide. With 1 ppm Ca in molten steel, solid alumina phase in Fig. 8(a) was changed to liquid calcium aluminate phase, and the area of spinel phase was obviously reduced. When the calcium content increased to 5 ppm in molten steel, the area of spinel phase was further reduced. It can be seen that increasing the calcium content in molten steel could significantly expand the area of liquid oxide and decrease the area of spinel phase. At the same time, the area of MgO phase was almost unchanged with different calcium content. These indicated that Ca treatment can significantly modify the aluminate and spinel to form liquid oxide. However, MgO was hard to be modified by the addition of Ca. The similar results were also reported by Park et al. 69) for stainless steel (Fe-18wt%Cr-8wt%Ni), Kang et al. 70) for tool steel (Fe-5wt%Cr-1wt%Mo-1wt%V) and Itoh et al. 20) for liquid iron. They concluded that several ppm Ca can strongly reduce the stability of spinel and modify the solid alumina to form liquid calcium aluminate. The experimental results were marked in Fig. 8(b) . Most of the steel compositions were located in the liquid oxide phase. Since the diffusion in solid oxide was much slower than in liquid steel and liquid oxide, the formation rate of CaO-Al 2 O 3 and CaO-Al 2 O 3 -MgO mainly depended on the diffusion in solid oxide, which was much slow. 71) Thus, solid inclusions with high Al 2 O 3 contents were observed in the steel samples with more than 5 ppm Ca before calcium treatment. More calcium was added during calcium treatment to promote the modification. Yoshioka et al. 72) have investigated the evolution of inclusion compositions during the secondary refining process, and found newly generated inclusions during refining process. They pointed out that the inclusion compositions were determined by equilibrium state, removal and generation of inclusions. Some inclusions containing MgO-Al 2 O 3 were still found in the steel samples at the end of LF refining process, which could be considered to be newly generated. Liquid oxide inclusions were the most stable state as shown in Fig. 8 , which would promote to modify the solid inclusions to be liquid oxide. Based on the phase stability diagrams in Figs. 7 and 8 , the following measures can be used to decrease the amount of spinel inclusions formed in 11wt%Cr steel. First, increasing the Mg content to more than 10 ppm and reducing the Al content in molten steel can reduce the formation of spinel. Second, Ca can be added to the molten stainless steel containing low Mg content to modify the solid spinel inclusions to be liquid oxide inclusions. Before calcium addition in LF, CaO-MgO-Al 2 O 3 inclusions were observed in steel samples at the end of VOD, as shown in Fig. 2(A) . The highly basic slag might lead to change the morphology and composition of MgO-Al 2 O 3 inclusions to be spherical inclusions containing CaO, which have been reported by Park et al. 68) and Jiang et al. 25) As shown in Table 2 , basicity of slag was high, with CaO and SiO 2 in scope of 50.8-54.91 wt% and 9.32-11.65 wt% respectively. With high Al content in molten steel and high CaO content in slag, Ca could be reduced from slag to molten steel by reaction (1) . When Ca content in molten steel increased, the formed MgO-Al 2 O 3 inclusions were unstable and would be transferred into CaO-MgO-Al 2 O 3 inclusions with low melting point, as shown in Fig. 4 . After the addition of titanium in LF, titanium oxide inclusions were formed, as shown in Fig. 2(B) . In order to investigate the evolution mechanism of Al-Ti-O complex inclusions, the phase stability diagrams of Al-Ti-O system in 11wt%Cr steel at 1 873 K were calculated with the aid of FactSage TM 7.0 software. As can be seen from the phase stability diagram in Fig. 9 Fig. 9 , the equilibrium titanium oxide stable phase was Ti 2 O 3 with the titanium content ranging from 0.44 to 1 wt%, and Ti 3 O 5 with the titanium content less than 0.44 wt% in 11wt%Cr steel at 1 873 K. The critical titanium content in 11wt%Cr molten steel at which both Ti 3 O 5 and Ti 2 O 3 coexist was 0.44 wt% at 1 873 K. It is also clear that it was important to appropriately control aluminum content in molten steel before the addition of titanium. When the aluminum content was too low, titanium would be oxidized to form too many titanium oxide inclusions; when the aluminum content was too high, the amounts of inclusions containing Al 2 O 3 would be increased. The aluminum content and titanium content in steel specimens taken after titanium addition in LF were marked in Fig. 9 . These points were almost located in Al 2 O 3 -TiO x stable phase, which indicated that the aluminum content and titanium content were within a reasonable range. After the addition of titanium, there were also mainly inclusions containing Al 2 O 3 -TiO x in steel samples, as shown in Figs. 2(B) and 2(C). It was difficult to decrease the titanium content to make the points located in the liquid area, because it needs enough titanium to bind the soluble nitrogen or soluble carbon in the steel. In order to get a high titanium yield, aluminum should be added enough to deoxidize. Decreasing the formation of solid inclusions is limited by adjusting the titanium content or aluminum content in steel. Thus, the effect of calcium content in steel samples on the influence of Al 2 O 3 -TiO x inclusions would be discussed below.
As mentioned above in Fig. 5 , solid phases in Al-Mg-O system were reduced with Ca addition. Therefore, in order to investigate the effect of calcium addition on the formation of inclusions in Al-killed Ti-bearing 11wt%Cr steel, the equilibrium formations of inclusions with different titanium contents in 11wt%Cr steel containing 200 ppm Al and 50 ppm O with calcium treatment were calculated by using FactSage TM 7.0 software, as shown in Fig. 10 . When the titanium content in steel is 0%, the transformed sequence of oxide inclusions is Al 2 O 3 , CaO·6Al 2 O 3 (CA6), CaO·2Al 2 O 3 (CA2), and liquid oxide phase with the content range of Ca from 0.5 ppm to 30 ppm. After the addition of 0.01% titanium content in steel, solid calcium titanates were formed with the increase of calcium content to 23 ppm, and the amount of liquid oxide phase was reduced. If the titanium content in steel increased to 0.04%, the liquid oxide phase and solid calcium titanates were formed earlier. Besides, the CaO·2Al 2 O 3 (CA2) disappeared. As the content of titanium in steel increased from 0.04% to 0.25%, there were only the liquid oxide phase and the solid calcium titanates phase. With the increasing of calcium content, the amount of liquid oxide phase increased and then decreased, and the corresponding solid calcium titanates phase gradually increased after its formation. The calcium addition should be more than 22 ppm to modify all the alumina inclusions in molten steel containing 200 ppm aluminum to liquid oxide inclusions, as shown in Fig. 10(a) . And a small amount of calcium in Al-killed Ti-bearing steel could modify the Al 2 O 3 -TiO x inclusion into liquid oxide inclusions, as shown in Fig. 10(d) . However, more than 18 ppm of calcium content might lead to the formation of solid calcium titanates in molten steel with 0.25% titanium. As can be seen in Figs. 2 and 5, some high CaO-TiO x content inclusions were formed with titanium addition after calcium treatment. Thus, the calcium content in molten steel should be controlled reasonably before the addition of titanium wire. What is more, with high Ti content in molten steel and high CaO content in slag, Ca could be reduced from slag to molten steel by reaction (2). The calcium reduced from high basic slag might also lead to the formation of CaO-TiO x inclusion, as shown in Figs. 2(C) and 5. The calcium contents of sample A3, B3 and C3 were marked in Fig. 10(d) . It can be seen that the high calcium contents in steel after titanium addition might lead to the formation of solid calcium titanates. Thus, in the present calcium content level, lower calcium content after titanium addition was beneficial to the formation of liquid oxide phase. For 11 Cr stainless steel with 0.25% titanium content, the compositions of inclusions modified by calcium treatment should be located in liquid phase close to Ti 3 the submerged entry nozzle. 
Conclusions
The objective of the study was to investigate the evolution mechanism of nonmetallic inclusions in Al-killed, Tibearing 11Cr stainless steel with Ca treatment. According to the analysis of inclusion characteristics and thermodynamic calculation, the following conclusions were drawn.
(1) After the addition of Al, there were mainly alumina-rich inclusions in steel. With the titanium addition after calcium treatment, three types of inclusions were formed: irregular MgO-Al 2 O 3 -TiO x inclusion, spherical CaO-MgO-Al 2 O 3 -TiO x inclusion, and irregular dual phase Ti-containing inclusion. At the end of LF refining process, solid calcium titanates inclusions were formed due to the high calcium content in steel.
(2) Both the characteristics of inclusions and thermodynamic calculation indicated that the compositions of inclusions in steel specimens after the addition of titanium were mostly located in Al 2 O 3 -TiO x stable phase. Calcium could strongly reduce the stability of spinel and modify the solid alumina to form liquid calcium aluminate. And a small amount of calcium in Al-killed Ti-bearing 11Cr stainless steel could effectively modify the Al 2 O 3 -TiO x inclusions into liquid oxide inclusions.
(3) High calcium contents in steel after titanium addition would lead to the formation of solid calcium titanates. The formation of calcium titanates might lead to the decrease of titanium yield and the clogging of the submerged entry nozzle. Therefore, it was necessary to accurately control the calcium content in molten steel before titanium addition.
